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EXECUTIVE SUMMARY
In contrast to other cleaning methods, electrostatic beneficiation of coal for industrial use is a dry cleaning process requiring no water or subsequent drying. Despite these advantages, there is still uncertainty in implementing large-scale commercid electrostatic beneficiation of coal. The electronic surface states of coal macerals and minerals are difticult to describe due to their chemical complexity and variability [l] . The efficiency in separation of mineral particles from organic macerals depends upon these surface states. Therefore, to fbrther understand and determine a reason for the bipolar charging observed in coal separation, surface analysis studies using Ultra-violet Photoelectron Spectroscopy (UPS) and X-ray Photoelectron Spectroscopy (XPS) were performed on coal samples and several materials that are used or considered for use in tribocharging. Electrostatic charging is a surface phenomenon, so the electronic surface states of the particles, which are influenced by the environmental conditions, determine both polarity and magnitude of tribocharging. U P S was used to measure the work hnction of the materials as typically used in ambient air. XPS was used to determine the surface chemistry in the form of contamination and degree of oxidation under the same environmental conditions. Although the triboelectrostatic properties of various substances are well documented, the charging and separation mechanisms involved remain poorly understood.
Mineral bearing coals are those amenable to electrostatic beneficiation. Three types of coal, Illinois No. 6, Pittsburgh No. 8, and Kentucky No. 9 were investigated in this study. Pulverized coal powder was tribocharged against copper. Pyritic and other ashes forming minerals in coal powders should charge with a negative polarity from triboelectrification, and organic macerals should acquire positive charge, according to the relative differences in the surface work hnctions between the material being charged and the charging medium. Different types of minerals exhibit different magnitudes of negative charge and some may also charge positively against copper [2] . Only the mineral suKr fraction of the total s u k content is accessible by the electrostatic method since organic sulfur is covalently bound with carbon in macerals. The sizes of mineral constituents in coal range fiom about 0.1 to lOOpm, but pyrites in many coals are on the lower end of this scale necessitating fine grinding for their liberation and separation. A ready explanation for coal powder macerals to charge positively by triboelectrification is found in the large numbers of surface carbon f?ee radicals available to release electrons to form aromatic carbocations. There is evidence that these cationic charges are delocalized over several atoms [3] . Only perhaps one in one hundred thousand of the surface atoms is charged during triboelectrification [4] , making it dficult to predict charging levels since the data depends upon the surface chemical species involved in charging. Based on the high electron a&ity of oxygen atoms, oxidation is expected to decrease the extent of a coal particle to charge positively. Also, ion transfer may contribute to the increasingly negative charging character of oxidized coal carbons. A variety of oxidized surface finctional groups may influence charge properties, For example, carboxylic acid finctions can lose protons to form carboxylate anions. The samples of coal investigated in this study showed differing degrees of beneficiation, consistent with a more extensively oxidized Illinois No. 6 coal sample relative to that of Pittsburgh No. 8. Even though oxygen in air is deleterious to coal stored prior to beneficiation, other gases might favorably influence charge properties. To this end, coal exposed to vapors of acetone, ammonia, and sulfbr dioxide also were beneficiated and analyzed in this study.
The efficiency in separation of mineral particles f?om organic macerals depends upon the efficiency of charging and subsequent separation. In order to fiuther understand and determine a reason for the bipolar charging observed in coal separation, surface analysis studies using Ultra-violet Photoelectron Spectroscopy (UPS) and X-ray Photoelectron Spectroscopy (XPS) were performed on coal samples and several materials that are used or considered for use in tribocharging. Electrostatic charging is a surface phenomenon. Therefore the electronic surface states of the particles, which are influenced by the environmental conditions, determine both polarity and magnitude of tribocharging.
U P S was used to measure the work finction of the materials as typically used in ambient air. X P S was used to determine the surface chemistry in the form of contamination and degree of oxidation under the same environmental conditions.
I.
A. EXPERIMENTAL METHODS
I . Sample preparation
Samples of Illinois No. 6, Pittsburgh No. 8, and Kentucky No. 9 coal were used in this study. Samples of copper from an as-used Koflo static mixer, Polytetrafluroethylene (PTFE) which is also used as a tribocharging material, concentrated vitrinite from a double pass separation, pure pyrite, and graphite powder (as a carbon standard) were analyzed by UPS and X P S in the as-received condition. 
Cross-sectioning of coal nuggets
Nuggets of the Illinois, Pittsburgh, and Kentucky coal were cross-sectioned in two. A slice of approximately 5 mm in thickness fkom the flat face was cut fkom one half of each nugget. They were sectioned using a low-speed cutting saw (Buehler Inc, ISOMET model) and a precision diamond tipped cutting blade. Before cutting the coal nuggets, the blade was ultrasonically cleaned in acetone, methanol, and iso-propanol. The blade was run at a relatively low speed of 100 revolutions per minute to minimize heat build up but without any cutting fluid to avoid contamination. XPS analysis of practice specimens had shown no contamination fkom the blade. The coal specimens were wrapped in clean aluminum foil to prevent the exposed surface fkom contamination. The foil was removed prior to analysis.
Tribocharging of pulverized coal
A schematic of a copper static mixer (Koflo, Inc.) is shown in Figure 1 . The mixer consists of a series of copper spiral vanes within a steel tube. The coal particles are injected into the air flow (dashed line) and impacted on the internal plates of the static mixer (solid lines) as the gas flowed through the mixer changing direction to move around the internal plates. Two conditions are required for powder tribocharging: 1) inertial impaction between powder and charger; 2) the materials of the powder and charger should be far enough apart in the triboelectric series so they have signdicantly different work functions. The impaction efficiency is related to the particle diameter (dp) and the inside diameter where Qs is the particle surface charge density, E is the electric field applied between the plates, pp is the density of the particle, g is the acceleration due to gravity, and d is the diameter of the particle.
When the particle is carried along with the air downwards, the velocity of air has to be added to the vertical velocity of the particle and the equation gets modified to:
where Ua is the velocity of air at the inlet of the separator.
Equation (3) suggests that if the charge on the particle is proportional to the surface area of the particle, then smaller diameter particles are difficult to collect since their vertical motion in the separator is influenced more by the downward velocity of air.
Very large particles are also ditEicult to collect since charge/mass is inversely proportional to the diameter. Thus it is particles of an intermediate size which are most easily collected in the separator.
Environmental Conditions
Environmental conditions were of interest due to the high chemical reactivity of coal powder surfaces and its effects on beneficiation. To augment air exposure, fi-eshly ground coal powders were exposed to air in open contahers for 24 hours before beneficiation.
Alternatively to minimize the effects of air exposure, powders were ground in an NZ atmosphere in a glove bag and beneficiated in Nz by fitting the inlet of the electrostatic separator w i t h an Nz filled glove bag. The effects of three potential conditioning agents: ammonia gas, sulfur dioxide (SOZ), and acetone also were tested as follows. For SO2 exposure Illinois No. 6 coal was finely ground and sieved to -200 mesh (< 75 pm) powder in a glove bag under nitrogen atmosphere. One hundred grams of the powdered coal were reserved in a sealed container as a control sample and an equal amount of powdered coal was placed in a stoppered flask equipped with side arms for tubing to allow gas flow through the flask. The coal then was exposed to SO2 gas in an argon environment. SO2 was generated by the reaction of copper powder with concentrated sulfuric acid in a heated flask. Argon was purged over the mixture to carry the gas through a glass tube cooled in ice water in order to condense trace water vapor. The cooled gas then passed through the coal flask with side arms. The coal sample inside the flask was shaken during the entire 15-minutes of exposure. Next, the flask of SO2 exposed coal was processed through the electrostatic separator in N2 atmosphere. The other half of the coal sample, which had not been exposed to S02, was beneficiated similarly. The results were then compared. Similarly, control and test samples were also employed for both the acetone and ammonia conditioning agent experiments. To prepare acetone-conditioned coal, N2 gas was bubbled through acetone and the vapors directed over coal powder shaken in a side arm equipped flask for ten minutes. A similar exposure time of anhydrous ammonia vapor fiom a cylinder was used to make ammonia conditioned coal powder. These conditioning agents were examined for improving the efficiency of beneficiation.
Chemical Analysis of Benejiciation
Powder samples collected as clean coal on the negative electrode and as refuse on the positive electrode were analyzed for their chemical constituents and mineral content.
Quantitative determination of (1) total sulfur content, (2) pyritic and sulfate s u b content, or inertinite) using optical microscopy. If the particle was composed of more than one maceral type, the particle was classified according to the dominant maceral component present in the particle. Similarly, particles readily identifiable as minerals or macerals in which entrained minerals could be clearly seen were also classified. The petrographic analysis showed the physical and morphological composition of the particles separated in the charge separator.
Diilkse reflectance infixed Fourier transform (DRIFT) spectroscopy of feed and electrostatically separated coal powders was used to monitor composition differences with respect to organic functional group vibrational fiequencies. Samples were prepared as a 2 wt% mixture of coal with finely ground dry KBr. The DRIFT spectra were obtained using b a Nicolet Instrument model Magna-IR 500 Series II spectrometer and an International Crystal Laboratories DRTFT cell. The spectral outputs were adjusted for scattering effects using the Kubelka-Murk algorithm available with the instrument sofhvare.
Surface Analytical Techniques
I D S Measurements
The X P S data were obtained on a PHI Quantum 2000 ESCA Spectrometer using a focussed monochromatic Al Ka (hv = 1486.7 eV) x-ray source. The x-ray beam used was a lOOW, 100 pm diameter beam and was rastered over B 1.5 mm by 0.2 mm area. The survey scans were collected using a pass energy of 117.4 eV producing a FWHM of better than 1.6 eV for the Ag 3d 5/2 peak. The high energy resolution data were collected using a pass energy of 23.5 eV, producing a FWHM of better than 0.75 eV for the Ag 3d 5/2 peak. The collected data were referenced to an energy scale with binding energies for Cu 2p 3/2 at 932.67 +/-0.05 eV, and Au at 84.0 +/-0.05 eV. Low energy electrons and argon ions were used for specimen neutralization on insulating samples.
WSMeasurements
The U P S data were obtained on a Riken Keiki AC-2 photoelectron spectrometer. The samples and detector were placed in open air. The W source was a deuterium 0 2 ) lamp with a spot diameter of 2 mm by 2mm. For the samples with a high efficiency of photoemission (the metals and graphite) the light source power was 49.9 nW, and for the samples with a low efficiency of photoemission (the polymers, coal, pyrite, and vitrinite) the light source power was 600.2 nW. The specified repeatable precision of the instrument is given as 0.02 eV. The samples were analyzed at a temperature of 22"C, a relative humidity of 40%, and a pressure of 1012 H a . 
B. RESULTS
I . Eflects
Eflects of particle size and atmosphere on beneficiation
Improved beneficiation is expected with fine grinding due to enhanced liberation of pyrite inclusions. Figure 6 shows the average total sufir content of feed and beneficiated Pittsburgh No. 8 coal for two size classifications. show that ammonia gas was actually detrimental to beneficiation perhaps as a result of increasing the hydrophilic properties of the coal powder. By contrast, beneficiation was slightly enhanced using acetone as conditioning agent. It should be noted that the Illinois No. 6 coal used for the conditioning agent experiments was from the same batch of coal as the oxidized Illinois No. 6 coal used for the data represented in Figures 8 and 9. However, the conditioning agent experiments were conducted two years prior and the high degree of oxidation was the result of two years storage of the coal.
Second Pass Beneficiattion Experiments
Sulfbr and ash analyses for 0-75 pm sized first and second pass Illinois No. 6 powders are shown in Figure 10 .
The results in Figure 12 show that a second pass increases beneficiation. The majority of coal from two-stage beneficiation of Pittsburgh No. 8 is recovered as clean coal. The percent recovered cumulatively from the negative plate of the separator from the first pass and second pass is 51.9 wt.% based on the mass of feed powder. The cumulative quantity of refbse from the positive plate was 13.1 wt.% and the quantity of coal collected on the filter at the bottom of the separator was 32.4 wt.%. This leaves a remainder of 2.6 wt.% of total feed unaccounted for.
Effects of surface composition in tribocharging
Tribocharging is the principle charging technique used in electrostatic beneficiation, and is achieved by exchanging charges between the pulverized coal particles and c charging material, in this case copper. The amount and polarity of the charge exchanged depends upon the relative work finctions of the copper charger and the components of the powder. However, it is well documented that environmental factors such as humidity, contamination, chemi-and physi-adsorption can distinctly affect the work hnction of a surface [4, 131.
UPS mlysis
The measured work fimctions of the cross-sectioned surface of the Illinois No. 6, Pittsburgh No. 8, and Kentucky No. 9 are shown in Table 2 . The work finctions were measured on a 2mm by 2mm spot at approximately 2 mm apart across each sample.
Unfortunately due to charging in some areas on the surface, data from only two areas were obtained on the Illinois No. 6 sample. Remarkable consistency was observed across each sample, even though visible topographical differences were observed in the optical and Secondary Electron Microscopy (SEW modes. However, the work finctions measured for each coal specimen were sigmficantly higher than that of 3.93 eV as reported for coal samples by Inculet et a1.l' The U P S measurements taken in air on the copper from an as-used Koflo static mixer, Polytetrduroethylene (PTFE) which is also used as a tribocharging material, concentrated vitrinite from a double pass separation, pure pyrite, and graphite powder are shown in The U P S data shows the measured work fbnctions for all samples to be higher than that reported for each sample in the literature with the exception of PTFE which is similar considering the experimental error of the technique (+/-0.2 ev). The values reported in the literature were for clean pure specimens, and measured in vacuum. The data shown here clearly shows the influence of the environmental exposure on the work fbnction of a surface in air. The measured work h c t i o n for the vitrinite (5.41 ev) is similar to that of the mean value for the coal specimens (5.42 ev). As vitrinite has the highest oxygen concentration and is predominant in coal, this data suggests the surface of the coal cross-section specimens was predominantly vitrinite, rather than inertinite.
Inertinite resembles graphite which was observed to have a measured work fbnction of In the optical mode, distinct topographical bands were observed across the surface of each coal sample. One of the bands of the cross-sectioned surface of the Pittsburgh No. 8 coal is shown in an optical micrograph taken on the X P S spectrometer h Figure 14 . The crack in the surface observed on the right of the micrograph was used for alignment purposes for the subsequent analysis. Two areas were analyzed, one in the band area, referred to as the rough area, and one in the smooth area adjacent to it. The XPS quantitative data is summarized in Table 4. peak positions were measured at 284.6, 286.2, 286.5, 288.0, and 289.6 eV, which were identified as Cy C-0, C-SZ, C=O, and 0-C=O, bonding, respectively, based on that reported in the literature [15] [16] [17] [18] . The data shows the carbon in both areas to be present as predominantly C-C (or C-H) bonds. From the curve fit of the sulfur peaks, five main peak positions were measured at 162.5, 163.9, 165.7, 168.2, and 169.4 eV, which were identified as FeS2, S-Cy S, S04, and (SO&, bonding, respectively, based on that reported in the literature . The data shows the sulhr to be present as predominantly in the sulfate form for both areas with only minimal sulfide (FeSz) detected. However, on the smooth area, signtficantly more organic sufir (S-C) and single sulfur bonds (S,) were detected than in the rough area, but the overall amount of sulfur detected was greater in the rough area (Table 4) . From the curve fit of the iron peaks, four main peak positions were measured at 709.6, 710.8, 712.0, and 713.1 eV, which were identified as FeO, Fe(OH)3, Fe(S04), and Fe#04)3 bonding, respectively, with the peaks at 714.1 and 715.8 eV were identified as satellite peaks of the hydroxide and sulfate peaks, based on that reported in the literature [15] [16] [17] [18] . The data shows the iron peaks to be present predominantly in the sulfate and hydroxide form, with a minor amount as oxide. No iron sulfide was detected in the iron peaks, although it was observed in the sulfur peaks. This may be just due to a difference in the escape depth of the photoelectrons fkom the sulfur peaks compared to the iron peaks. C 0 N Na Si Cu Fe Al F Zn C1 S Table 5 : X P S data for specimens analyzed in the as-received condition
The X P S data for the other materials is shown in Table 5 . The data for the graphite shows it to be predominantly carbon, with only a minor amount of oxygen detected, which would indicate that pure carbon in the graphitic form does not oxidize to a great extent when exposed to air. The data for copper showed the metal had significant contamination on the exposed suIface with only a minor amount of actual copper actually detected (7.4 atomic %). This amount of contamination is typical for metals exposed to atmosphere. The vitrinite had a C/O concentration ratio similar to that of the rough area on the coal sample, indicating this area was predominantly vitrinite.
However, no iron showing the presence of pyrite was detected in the vitrinite sample. The pyrite sample showed a high concentration of carbon and oxygen, with only a minor amount of actual iron and sulfbr observed (5.4 and 14 atomic %) which correlates with the high resolution X P S data. PTFE has a chemical structure of repeat monomers of -CFz-, with a stoichiometry of carbon 33% and fluorine 66%. The X P S data of PTFE showed a surface composition very close to that of the stoichiometry of the polymer. PTFE is known to resist oxidation, and this was shown in the X P S data. This would also explain why PTFE had a measured work function (5.80 ev) similar to that reported in the literature (5.75 ev).
I. CONCLUSION
In electrostatic beneficiation, coal was first pulverized and charged by contact with copper. The particles were then passed through an electrostatic separator consisting of two conducting electrodes, across which a high voltage was applied. Chemical analyses of total sulfur and ash content of feed and processed coals were used to evaluate the beneficiation success. It was determined that the efficiency of separation was dependent upon the coal particle composition, fineness of powder grind, and surface properties of the coal powder.
The petrographic analyses showed that the physical liberation and separation were both inefficient, but finely grounded coal did exhibit improve bipolar charging that improved the separation.
Fine grinding did not increase the clean coal yield, but did yield a cleaner coal.
Exposure to air after grinding did not adversely affect beneficiation, except that oxidized coal in which an appreciable amount of sulfur was present as sulfate did not beneficiate well. It was found that SO2 was not an effective conditioning agent, N H 3 was detrimental to beneficiation, but acetone did show slightly enhanced beneficiation.
R ,
A second pass increased beneficiation in total, but the clean coal fi-action obtained after passing the r&se through a second time was not as cleaa as the clean fraction obtained fi-om the first pass.
Surface analyses of coal specimens and various related materials showed significant increases in the surface work finction of certain materials which was dependent upon the amount of surface contamination and oxidation. Variations in the work hnctions betweeri materials being charged in electrostatic separation may significantly affect the efficiency of beneficiation. In the case of coal beneficiation, the pulverized coal has been traditionally charged with a copper static mixer. The measured work finctions of coal, pyrite, and copper were very close to each other. From these measurements, it appears that.copper is perhaps not the best material for tribocharging pulverized coal due to the extreme sidsrities of the work functions of copper, coal macerals, and pyrite when exposed to air. Slight changes in environment and humidity can cause changes in the work hctions values which may lead to the similar work fbnction values of the coal macerals, pyrite, and copper alternating between positive and negative relative to each other, As a result, the charge distributions of macerals and minerals were bi-polar with a wide range. Ideally, a material with a work fbnction whose value falls in between the work finctions of coal macerals and pyrite needs to be used, and the data obtained in this study indicates polystyrene may be a good candidate under these conditions. However, polystyrene is a relatively soft material and the charging surface is likely to get covered with a thin layer of fine coal powder which will reduce the tribocharging efficiency. When choosing any material for tribocharging purposes, care must be taken in ensuring the actual surface work h c t i o n is appropriate for the application and conditions of use.
